During development, the lung mesoderm generates a variety of cell lineages, including airway and vascular smooth muscle. Epigenetic changes in adult lung mesodermal lineages are thought to contribute towards diseases such as idiopathic pulmonary fibrosis and chronic obstructive pulmonary disease, although the factors that regulate early lung mesoderm development are unknown. We show in mouse that the PRC2 component Ezh2 is required to restrict smooth muscle differentiation in the developing lung mesothelium. Mesodermal loss of Ezh2 leads to the formation of ectopic smooth muscle in the submesothelial region of the developing lung mesoderm. Loss of Ezh2 specifically in the developing mesothelium reveals a mesothelial cell-autonomous role for Ezh2 in repression of the smooth muscle differentiation program. Loss of Ezh2 derepresses expression of myocardin and Tbx18, which are important regulators of smooth muscle differentiation from the mesothelium and related cell lineages. Together, these findings uncover an Ezh2-dependent mechanism to restrict the smooth muscle gene expression program in the developing mesothelium and allow appropriate cell fate decisions to occur in this multipotent mesoderm lineage.
INTRODUCTION
Lung mesoderm-derived lineages provide a physical scaffold and inductive signaling for the conducting airway and gas-exchanging alveolar epithelium. Lung mesoderm develops into multiple tissue types, such as vascular smooth muscle, airway smooth muscle, and endothelium, in addition to poorly characterized parenchymal and interstitial mesenchymal cells. Lung mesodermal lineages are highly plastic in development and during injury repair, and destabilization of cell identity and quiescence are associated with diseases such as idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease (COPD) (Morrisey and Hogan, 2010; Herriges and Morrisey, 2014; Hogan et al., 2014) .
The lung mesothelium is a multipotent mesoderm-derived cell lineage that forms a monolayer surrounding the lung and contributes to lung development through both direct contribution of mesodermally derived lineages as well as paracrine signaling. The lung mesothelium is contiguous with other pleural cell types, including the epicardium of the heart. Mesothelial cells migrate into the lung and contribute to the mesenchyme and generate a substantial proportion of vascular smooth muscle (Que et al., 2008; Dixit et al., 2013) . Mesothelial cells may contribute to IPF, a disease characterized by inappropriate fibroblast differentiation and excessive proliferation (Mutsaers et al., 2015) . Mesothelial cells differentiate into fibroblasts upon exposure to Tgfβ, a pro-fibrotic signaling molecule, which is upregulated in IPF lungs (Batra and Antony, 2015) . Additionally, a mouse model of fibrosis by intratracheal Tgfβ1 instillation induces expression of the mesothelial-specific transcription factor Wilms tumor 1 (WT1) in the lung parenchyma (Karki et al., 2014) . These data suggest that the mesothelium and mesothelial-derived cells might reactivate their developmental plasticity during lung injury and repair processes, and contribute to inappropriate fibrosis.
Ezh2 is the histone methyltransferase component of Polycomb repressive complex 2 (PRC2), which trimethylates lysine 27 of histone H3 (H3K27me3) and epigenetically represses transcription of developmentally regulated genes (Su et al., 2003; Boyer et al., 2006; Bracken et al., 2006; Lee et al., 2006) . Ezh2 is highly expressed in the developing lung mesoderm, and its expression decreases as development proceeds (Galvis et al., 2015; Snitow et al., 2015) . In addition to suppressing ectopic lineage differentiation during lung endoderm development (Galvis et al., 2015; Snitow et al., 2015) , Ezh2 is required for normal development of many mesodermal tissues, such as the heart where it is essential for suppressing skeletal muscle genes in the myocardium (DelgadoOlguín et al., 2012) . The crucial roles of Ezh2 in multiple mesodermal lineages led us to investigate its requirement in lung mesoderm development and lineage specification.
Here, we show that Ezh2 is required in the developing lung mesothelium to suppress smooth muscle differentiation. Ezh2 directly suppresses expression of the smooth muscle master transcription factor myocardin (Myocd) as well as the transcription factor Tbx18, which is known to promote smooth muscle development from the epicardium (Wu et al., 2013) . Together, these data indicate that Ezh2/PRC2 is required to suppress ectopic smooth muscle development from the multipotent lung mesothelium by repressing the key transcriptional regulators Myocd and Tbx18.
RESULTS

Loss of Ezh2 in mesoderm inhibits lung growth and respiratory function
Ezh2 was previously shown to be highly expressed in the developing lung mesoderm (Galvis et al., 2015; Snitow et al., 2015) . To assess the role of Ezh2 in lung mesoderm development, we generated a mesoderm-specific loss-of-function mutant by crossing Ezh2 flox/flox mice with the pan-mesodermal Cre-expressing line Dermo1
cre that has robust activity in the lung mesoderm by E10.5 (Su et al., 2003; Yu et al., 2003; Yin et al., 2008) . We also crossed the R26R mTmG reporter line into these mutants to track Cre recombination activity (Muzumdar et al., 2007) . Dermo1 cre : R26R mTmG :Ezh2 flox/flox mutant mice (hereafter referred to as Ezh2 mesoderm-KO ) die at P0 due to respiratory distress. They are cyanotic shortly after birth and attempt to breath, but are unable to inflate their lungs with air as assessed by buoyancy in PBS (Fig. 1A,B) . Ezh2 mesoderm-KO lungs are small (Fig. 1C,D) and have poorly developed alveoli with reduced mesenchymal development, as noted by reduced vimentin expression (Fig. S1A-C) . Our laboratory recently showed that Tgfβ is crucial for sacculation and early alveologenesis in the lung (Wang et al., 2016) . However, loss of Ezh2 did not alter the expression of Tgfβ pathway members in the lung mesoderm (Fig. S1D) . Moreover, although the epithelium of Ezh2 mesoderm-KO lungs is immature and exhibits a slight reduction in expression of Tgfβ pathway components (Fig. S1E-G) , these effects are indirect and likely to result from reduced mesenchyme in Ezh2 mesoderm-KO lungs. Ezh2 mesoderm-KO mutant lung mesenchyme is less proliferative than that of sibling controls, with a 50% reduction in BrdU incorporation (Fig. 1E,F) . Cell cycle inhibitors such as Cdkn2a (also known as p16) are common targets of Ezh2-mediated epigenetic repression (Bracken et al., 2007) , and Cdkn2a expression is readily observed at E14.5 and E18.5 in the Ezh2 mesoderm-KO lung mesenchyme, but not in controls (Fig. 1G,H) . To examine the Cdkn2a promoter for occupancy by the Ezh2/PRC2 histone mark H3K27me3, we performed ChIP-qPCR in isolated lung mesoderm. We found that the Cdkn2a promoter is enriched for the H3K27me3 mark, in contrast to a nearby gene desert and the constitutively active gene β-actin (Actb) (Fig. 1I) . Thus, Ezh2/PRC2 is responsible for repressing the cell cycle inhibitor Cdkn2a in order to allow proliferation and appropriate growth of the developing lung mesenchyme.
Loss of Ezh2 leads to ectopic smooth muscle formation in the lung
Examination of Ezh2 mesoderm-KO lungs revealed co-expression of SM22α (also known as Tagln) and smooth muscle actin (SMA) in regions along the periphery of the lung adjacent to the mesothelium ( Fig. 2A-D) . The co-expression of both SM22α and SMA suggests that these ectopic structures were composed of smooth muscle cells. 3D imaging by optical projection tomography (OPT) of whole-mount immunohistochemistry (IHC) for SM22α shows the ectopic smooth muscle forming disorganized branch-like structures and sheets, as well as smaller distal nodes (Fig. 2E ,F, Movies 1,2). The phenotype is 100% penetrant, although the amount of surface area covered by ectopic smooth muscle varies between lobes of the lung (Fig. S2A,B) . To determine when this phenotype arises, we performed IHC for SM22α and SMA on lungs from E12.5, E14.5 and E16.5 ( Fig. 2G-L ). There is no evidence for ectopic smooth muscle at E12.5 (Fig. 2J ), but by E14.5 the Ezh2 mesoderm-KO lungs have sporadic regions of ectopic smooth muscle in the very proximal portions of the lobes (Fig. 2K ). By E16.5, the phenotype has expanded and extends distally through the lung, where it becomes more noticeable by E18.5 (Fig. S2C ). These data show that the phenotype appears to develop in a proximal-todistal manner over time. We did not observe other significant changes in lung mesoderm lineages, including airway or vascular smooth muscle (Fig. S2D) . Thus, Ezh2 is required in lung mesoderm to prevent ectopic smooth muscle in the submesothelial mesenchyme.
Since the lung mesoderm generates smooth muscle during development, we examined the expression of pathways known to regulate this process. These data did not reveal any significant dysregulation of these pathways in the Ezh2 mesoderm-KO lungs ( Fig. S3A-D ) (Morrisey and Hogan, 2010) . This is supported by normal vascular and airway smooth muscle development in Ezh2 mesoderm-KO lungs (Fig. S2D) . Thus, the ectopic smooth muscle in Ezh2 mesoderm-KO lungs develops in close proximity to the mesothelium, but does not appear to be induced by alteration in paracrine signaling factors that promote smooth muscle development.
The smooth muscle master transcription factor Myocd is derepressed in ectopic smooth muscle
To explore the underlying cause of the ectopic smooth muscle in Ezh2 mesoderm-KO lungs, we examined expression of Myocd, a crucial transcription factor of the smooth muscle lineage. Myocd is recruited to the promoters of SM22α and SMA, and directly induces their transcription at high levels (Du et al., 2003; Wang et al., 2003) . Enforced Myocd expression can reprogram nonsmooth muscle cells into smooth muscle, making it a potential candidate for promoting ectopic smooth muscle formation in Ezh2 mesoderm-KO lungs (Du et al., 2003; Parmacek, 2007) . In situ hybridization for Myocd shows expression in the forming ectopic smooth muscle nodules at E14.5 (Fig. 3A) and in the ectopic smooth muscle nodules at E18.5 (Fig. 3B) .
Little is known about the epigenetic regulation of the Myocd gene. We found by ChIP-qPCR that the Myocd promoter is enriched for the H3K27me3 mark in isolated lung mesoderm (Fig. 3C) . Thus, loss of Ezh2 leads to increased Myocd expression, possibly due to direct regulation by PRC2.
The ectopic smooth muscle structures in Ezh2 mesoderm-KO lungs do not contain myocardium or vascular endothelium One known regulator of Myocd expression is the myocardial transcription factor Nkx2.5, which promotes expression of a cardiac-specific isoform of Myocd (Ueyama et al., 2003) . Nkx2.5 is expressed in cardiac myocardium and the pulmonary vein myocardium (Lien et al., 1999; Mommersteeg et al., 2007) . Recent work has demonstrated the existence of a common cardiopulmonary progenitor that generates cardiac myocardium as well as pulmonary venous myocardium and pulmonary vascular smooth muscle in the developing lung (Peng et al., 2013) . Therefore, one possible hypothesis to explain the Ezh2 mesoderm-KO lung phenotype is that loss of Ezh2 in cardiopulmonary progenitors disrupts their normal migration into the lung and drives the ectopic expression of smooth muscle genes. We examined expression of the myocardial markers Nkx2.5 and myosin II heavy chain (MF20 antibody) in Ezh2 mesoderm-KO lungs. These experiments revealed that the ectopic smooth muscle nodules in Ezh2 mesoderm-KO lungs are not of myocardial origin (Fig. 4A,B) . Additionally, despite having a branch-like structure, the nodules of ectopic smooth muscle do not contain vascular endothelium and they lack an obvious lumen (Fig. 4C) . Thus, the ectopic smooth muscle in Ezh2 mesoderm-KO lungs does not contain myocardium or a disorganized vasculature.
Ezh2 is required to repress smooth muscle lineage differentiation in the lung mesothelium
The mesothelium is a mesodermally derived epithelial monolayer that envelopes the lung and reduces friction against the chest cavity and other organs. During development, a population of mesothelial cells delaminate and migrate into the lung, contributing to vascular smooth muscle (Que et al., 2008; Dixit et al., 2013) . To determine whether the mesothelium in Ezh2 mesoderm-KO lungs contributes to ectopic smooth muscle, we investigated the association of these tissues. Confocal microscopy on sectioned tissue revealed that the SMA + ectopic smooth muscle is immediately adjacent to, or forms part of, the exterior cell layer of the lung, and is thus intimately associated with the mesothelium (Fig. 5A) . Co-IHC for the mesothelial marker WT1 with SM22α revealed that the SM22α + ectopic smooth muscle is in close contact with WT1 + mesothelial cells (Fig. 5B) .
The localization of the ectopic smooth muscle nodules suggests that the mesothelium could provide either a niche for other mesodermal lineages to develop into smooth muscle or that it directly generates the ectopic smooth muscle (Fig. 5A,B) . To address whether loss of Ezh2 specifically in the mesothelium would lead to ectopic smooth muscle formation, we crossed Ezh2 flox/flox mice with Wt1 cre mice and Rosa mTmG mice to delete Ezh2 specifically in the mesothelium and lineage trace the targeted cells (Muzumdar et al., 2007; Zhou et al., 2008 Wt1-KO ) exhibit multiple heart and lung phenotypes (data not shown).
Importantly, they develop ectopic smooth muscle that expresses SM22α (Fig. 5C ). The ectopic smooth muscle is closely associated with WT1
+ cells at the periphery of the lung, similar to the Ezh2 mesoderm-KO lungs (Fig. 5D, Fig. S4 ), and is lineage traced with the Wt1 cre line (Fig. 5E ). Other organs, including the heart, intestine and kidney, did not exhibit formation of ectopic smooth muscle nodules (data not shown). Thus, Ezh2 is required autonomously in the pulmonary mesothelium to suppress differentiation into ectopic smooth muscle.
Aberrant expression of Tbx15/18 in Ezh2 mesoderm-KO lungs
The formation of ectopic smooth muscle at the mesothelial layer of the lung superficially resembles coronary vessel smooth muscle that develops at the surface of the heart from the epicardium. Since the lung mesothelium and epicardium are both generated from WT1 + cells during development, we examined Ezh2 mesoderm-KO lungs for expression of the key epicardial transcription factor Tbx18 (Kraus et al., 2001; Wu et al., 2013) . Tbx18 null embryos exhibit reduced development of coronary smooth muscle in the heart (Wu et al., 2013) . We found that Tbx18 expression is increased in Ezh2 mesoderm-KO lungs at E14.5 and E18.5 (Fig. 6A) . Moreover, expression of the highly related Tbx15 gene is also increased in Ezh2 mesoderm-KO lungs at E14.5 and E18.5 (Fig. 6B ). Consistent with previous observations that Tbx genes are regulated by PRC2 , we found that the Tbx18 and Tbx15 promoters are decorated by H3K27me3 in isolated lung mesoderm (Fig. 6C,D) . Immunostaining using an antibody that recognizes both Tbx15 and Tbx18 shows Tbx15/18 expression in rare mesothelial and submesothelial cells in control E18.5 lungs, whereas Tbx15/18 + cells are found expanded and intermixed among ectopic smooth muscle cells in Ezh2 mesoderm-KO lungs (Fig. 6E,F) . Thus, Ezh2 is required to repress the transcription factors Tbx15 and Tbx18. The derepression of these two factors along with Myocd is likely to drive ectopic smooth muscle differentiation in Ezh2 mesoderm-KO and Ezh2 Wt1-KO lungs (Fig. 7) . 2015; Snitow et al., 2015) . Studies on human lung diseases have demonstrated loss of epigenetic regulation in adult lung mesodermal cell lineages (Ito et al., 2002 (Ito et al., , 2005 Huang et al., 2013) . However, little is known about epigenetic regulation of the developing mesoderm of the lung. In this study, we have shown an essential role for Ezh2/PRC2 in restricting the differentiation of the smooth muscle lineage from the mesothelium of the lung.
Ezh2 is known to regulate the development of a variety of mesodermal tissues, including B cell development (Su et al., 2003) , skeletal muscle satellite stem cells (Juan et al., 2011; Woodhouse et al., 2013) , limb bud development (Wyngaarden et al., 2011) , heart development (Chen et al., 2012; Delgado-Olguín et al., 2012; He et al., 2012) , fetal hematopoiesis (Mochizuki-Kashio et al., 2011) and endothelial development (Delgado-Olguín et al., 2014) . In many of these tissues, and as found in our study presented here, there is a requirement for Ezh2-mediated suppression of the cell cycle inhibitor Cdkn2a, to allow progenitor cell proliferation. More importantly, our studies have revealed a previously unappreciated role for Ezh2 in suppressing ectopic expression of the smooth muscle transcription factor Myocd in the developing lung mesothelium. The direct regulation of Myocd by Ezh2 is supported by our finding that the Myocd promoter region is decorated by the Ezh2 repressive mark H3K27me3.
The mesothelium is a multipotent mesodermally derived epithelial layer that surrounds the lung, and migrates into the lung to generate multiple lung mesoderm lineages including lung alveolar mesenchyme and vascular smooth muscle (Que et al., 2008; Dixit et al., 2013) . Mesothelia surrounding the gut (serosal mesothelium) and heart (epicardium) similarly generate vascular smooth muscle in these organs (Mikawa and Gourdie, 1996; Wilm et al., 2005; Wu et al., 2013) . The origins of smooth muscle lineages in the lung remain poorly understood. Recent evidence demonstrates that a multipotent cardiopulmonary progenitor (CPP) generates both vascular and airway smooth muscle in the lung (Peng et al., 2013) . Despite these findings and those presented in the present report, the overall quantitative contribution of mesothelial, CPP, or other sources of smooth muscle in the lung remains unclear.
The restricted pattern of the ectopic smooth muscle nodules in our Ezh2 lung mesoderm mutants suggests that lack of Ezh2 creates a permissive rather than an instructive environment for Myocd expression. Such instructive cues could come from niche effects exerted by the WT1 + mutant mesothelium, which closely associates with the ectopic smooth muscle. However, we did not observe any significant gene expression changes in signaling pathways known to regulate smooth muscle development from the mesothelium (White et al., 2006; Dixit et al., 2013) . We did observe derepression of both Tbx15 and Tbx18, which are transcription factors implicated in regulating muscle development (Agulnik et al., 1998; Kraus et al., 2001; Singh et al., 2005; Airik et al., 2006) . In particular, Tbx18 plays a crucial role in the development of epicardial smooth muscle (Wu et al., 2013) . Tbx18 may function to create a niche for smooth muscle development through the regulation of signaling factors such as such as Tgfβ or Notch that promote smooth muscle differentiation in the epicardium, in lung vascular smooth muscle, and in mesothelial delamination and migration into the developing lung (Farin et al., 2007; Morimoto et al., 2010; Greulich et al., 2012) . Although we have not observed alterations in these pathways in our studies, they could be disrupted in small subsets of cells that are difficult to detect and whose altered differentiation leads to the Fig. 4 . Ectopic smooth muscle is neither myocardium nor vasculature. (A) Co-IHC for SMA and Nkx2.5 and (B) SM22α and myosin II heavy chain (with MF20) in E18.5 lung parenchyma and pulmonary myocardium reveals that ectopic smooth muscle in Ezh2 mesoderm-KO lungs does not express these myocardial markers, and that pulmonary myocardium forms normally in mutant lungs. (C) Co-IHC for SMA and CD31 shows that ectopic smooth muscle does not contain a vascular lumen with CD31 + endothelium. Ectopic smooth muscle is outlined. Scale bars: 20 µm.
observed phenotype. Since our lineage tracing analysis shows that Ezh2
Wt1-KO mice also develop ectopic smooth muscle nodules, these data support the concept that Ezh2 is required in mesothelial cells to directly suppress smooth muscle lineage differentiation through the inhibition of multiple transcriptional regulators of the smooth muscle lineage, including Myocd and Tbx18.
Lung mesothelium has been implicated in the pathogenesis of multiple diseases including IPF, where fibrotic lesions often initiate in the submesothelial mesenchyme and expand internally into the lung. Expression of the lung mesothelial marker WT1 has been observed in lung fibrotic lesions, suggesting that mesothelial cells or their differentiated progeny may contribute to lesion formation (Mubarak Karki et al., 2014) . Mesothelial contribution to fibrosis has also been demonstrated in the liver, where the lineage-traced mesothelium invades into the submesothelial region and differentiates into fibroblasts following chemical injury (Asahina et al., 2011; Li et al., 2013) . The etiology of IPF is unknown, and our results suggest that Polycomb-mediated transcriptional repression might have a role in regulating mesothelial fate in the adult to prevent this disease. Our findings, along with the studies mentioned above, suggest that mesothelial cells may contribute significantly towards fibrotic lung disease through their predisposition to differentiate into smooth muscle or myofibroblast cells. Future studies to assess whether pathological smooth muscle remodeling in pulmonary hypertension, COPD, bronchiolitis obliterans and asthma involves Polycomb-mediated regulation might provide important information regarding the etiology of these diseases.
MATERIALS AND METHODS
Animals
Dermo1 cre , Wt1 cre , Ezh2 flox/flox and Rosa mTmG mice and their genotyping have been described previously (Su et al., 2003; Yu et al., 2003; Muzumdar et al., 2007; Zhou et al., 2008) . BrdU was administered intraperitoneally (60 mg/kg body weight) 90 min prior to dissection. All animal procedures were performed in accordance with the Institute for Animal Care and Use Committee at the University of Pennsylvania.
Float test
Lungs were collected from seven neonatal pups shortly after birth. Lungs from three cyanotic pups and four of their non-cyanotic siblings were sequentially placed in PBS to determine buoyancy. Pups were subsequently genotyped and matched with lung sample data.
Quantitative RT-PCR
Quantitative PCR (qPCR) was performed as previously described (Snitow et al., 2015) using the primers listed in Table S1 . Statistical significance was calculated with GraphPad Prism 5 software using a two-tailed unpaired t-test.
ChIP-qPCR
The epithelial cell depletion protocol was modified from Wang et al. (2016) . Lung mesoderm was isolated by digesting E18.5 lungs in 1× dispase (BD Biosciences), 480 U/ml collagenase type I (Life Technologies) and 0.33 U/ml DNase I (Roche) for 20 min at 37°C, pipetting briefly every 5 min. 5 mM EDTA was then added to prevent epithelial cells from clumping. Digested lung cells were gently pelleted, and washed twice with PBS containing 5 mM EDTA and 1% BSA. Epithelial cells were removed by incubation with 5 µg rat anti-EpCAM/CD326 (eBioscience, 14-5791-85) in 1% BSA in PBS containing 5 mM EDTA for 30 min at 4°C, washed three times with 1% BSA in PBS containing 5 mM EDTA, then incubated with 50 µl sheep anti-rat IgG Dynabeads (4.5 µm in diameter; Life Technologies) for 30 min at 4°C. Dynabeads linked to epithelial cells were removed by magnetic pulldown, and the mesoderm-containing supernatant was washed three times in PBS prior to cross-linking.
Lung mesoderm was cross-linked with 1% formaldehyde for 10 min and sonicated to an average length of 150-500 bp using a Diagenode Bioruptor on high amplitude for 10 cycles of 30 s on/off. Immunoprecipitation was performed as previously described (Snitow et al., 2015) , and analyzed by real-time qPCR using the primers listed in Table S1 .
Histology
Tissues were fixed overnight in fresh 2% or 4% paraformaldehyde, dehydrated, and embedded in paraffin wax and sectioned at a thickness of 6-8 μm. Hematoxylin and Eosin (H&E) staining was performed using standard procedures. The Myocd in situ hybridization probe was described previously (Du et al., 2003) . In situ hybridization and IHC were performed as described (Wang and Morrisey, 2010; Tian et al., 2011; Li et al., 2012; Wang et al., 2013) . IHC used the following antibodies: p16/Cdkn2a (Santa Cruz, sc-1661; 1:100), GFP (Aves, GFP-1020; 1:1000), BrdU (Abcam, ab6326; 1:100), SM22α (Abcam, ab10135; 1:100), SMA (Sigma, A5228; 1:200), Nkx2.5 (Santa Cruz, sc-8697; 1:50), MF20 (Developmental Studies Hybridoma Bank; 1:20), PECAM (CD31; R&D Systems, MAB3628; 1:500), WT1 (Santa Cruz, 1:50) , Tbx15/18 (ThermoFisher, PA5-38563; 1:50), SP-C (Chemicon, AB3786; 1:500) and Pdpn (Developmental Studies Hybridoma Bank, T1 alpha 8.1.1; 1:50).
Slides were mounted with Vectashield mounting medium containing DAPI (Vector Laboratories). BrdU + nuclei and DAPI-stained nuclei were counted manually, assisted by the multipoint counting tool in Fiji software (Schindelin et al., 2012) ; epithelial cells were excluded from this analysis. Statistical analysis was performed with GraphPad Prism software using a one-tailed paired t-test. P<0.05 was considered significant.
Whole-mount immunohistochemistry
The whole-mount IHC protocol was modified from Metzger et al. (2008) . Lungs were dissected and fixed overnight in a 1:4 ratio of dimethyl sulfoxide:methanol, bleached for 5-10 h in a 1:1:4 ratio of 30% H 2 O 2 : DMSO:methanol, washed and stored in 100% methanol. Lungs were rehydrated in a gradient series of methanol in PBST (PBS with 0.1% Tween 20): 75, 50, 25, 0%. Lungs were blocked overnight in blocking buffer (2.5% Triton X-100, 10% donkey serum and 0.05% sodium azide in PBS). Lungs were incubated for 48 h with primary antibodies SM22α (Abcam, ab10135; 1:200) and E-cadherin (Sigma, U3254; 1:200) diluted in blocking buffer, washed overnight in PBST, incubated for 48 h in secondary antibody, washed overnight in PBST, then washed for several hours in PBS. Lungs were then embedded in 1% low-melting agarose, dehydrated overnight in 100% methanol, then cleared overnight in a 1:2 benzoyl alcohol:benzoyl benzoate solution (BABB). OPT was imaged on a Bioptonics OPT Scanner 3001 M and reconstructed with the included software packages. Lungs imaged for surface area analysis were not optically cleared with BABB. Surface area was measured using Fiji software.
